ABSTRACT: A key challenge in the field of electrochemical carbon dioxide reduction is the design of catalytic materials featuring high product selectivity, stability, and a composition of earth-abundant elements. In this work, we introduce thin films of nanosized metal−organic frameworks (MOFs) as atomically defined and nanoscopic materials that function as catalysts for the efficient and selective reduction of carbon dioxide to carbon monoxide in aqueous electrolytes. Detailed examination of a cobalt− porphyrin MOF, Al 2 (OH) 2 TCPP-Co (TCPP-H 2 = 4,4′,4″,4‴-(porphyrin-5,10,15,20-tetrayl)tetrabenzoate) revealed a selectivity for CO production in excess of 76% and stability over 7 h with a per-site turnover number (TON) of 1400. In situ spectroelectrochemical measurements provided insights into the cobalt oxidation state during the course of reaction and showed that the majority of catalytic centers in this MOF are redox-accessible where Co(II) is reduced to Co(I) during catalysis.
■ INTRODUCTION
One of the most attractive approaches toward providing carbon-neutral energy is the electrochemical conversion of atmospheric carbon dioxide (CO 2 ) into energy-dense carbon compounds to be used as fuels and chemical feedstock. 1−4 Extensive efforts have been devoted to the development of homogeneous and heterogeneous catalysts for this purpose. The outstanding challenges remain in the design of catalyst systems featuring (i) selectivity for CO 2 reduction in water with minimum H 2 generation, (ii) long-term stability, (iii) catalytic efficiency at low electrochemical overpotential, and (iv) compositions of earth abundant materials. In this report, we show that nanosized metal−organic frameworks (MOFs) meet these criteria and also present additional opportunities because of the modular nature of MOFs in which their organic and inorganic components can be functionalized and modified prior to precise arrangement in the MOF crystal structure. 5−12 We chose a stable cobalt porphyrin MOF where these porphyrin units are linked with aluminum oxide rods to form a 3D porous structure with pores of 6 × 11 Å 2 . Electrochemical CO 2 reduction studies were carried out on thin films of this MOF, which was found to convert CO 2 to CO selectively (76% Faradaic efficiency) and with high turnover number (TON = 1400). In situ spectroelectrochemical measurements revealed that the Co(II) centers are reduced to Co(I) throughout the MOF and subsequently reduce CO 2. This is the first MOF catalyst constructed for the electrocatalytic conversion of aqueous CO 2 to CO, and its high-performance characteristics are encouraging for the further development of this approach.
In the context of aqueous electrocatalytic CO 2 reduction studies where heterogeneous catalysts such as metal foils, 13−17 metal nanostructures, 18−26 oxide-derived metals, 27−29 2D materials, 30 carbon nanomaterials, 31−33 as well as bioinspired catalysts, 34−37 and homogeneous molecular catalysts 38−47 are used, MOFs combine the favorable characteristics of both heterogeneous and homogeneous catalysts. Exploration of MOFs for CO 2 reduction has just begun through their use as photocatalysts in colloidal dispersions, however, with the aid of sacrificial reagents, 48−52 and MOFs and COFs have only recently been utilized as electrocatalysts for CO 2 reduction. 53−56 Our strategy to construct the MOF-based electrochemical CO 2 reduction system was to select MOFs with catalytic linker units and fabricate them into thin films covering conductive substrates ( Figure 1 ): Appropriate catalytic linker units ( Figure  1A ) are assembled into a porous thin film MOF (Figures 1B and S1), which is grown on a conductive substrate ( Figure 1C ). We first screened MOFs with systematically varied building blocks and then chose the most promising MOF catalyst for in-depth electrochemical studies. The thickness of the selected MOF was next optimized to yield the final CO 2 -reduction system, which was shown to be active, selective, and stable toward CO production. We also demonstrate that the majority of cobalt centers are reduced from Co(II) to Co(I) during the electrochemical process through in situ spectroelectrochemical measurements. Using MOFs as heterogeneous electrocatalysts represents an efficient strategy to reticulate catalytic molecular units into a porous network in which the number of active sites is maximized and both charge and mass transported could be simultaneously balanced by controlling the nanoscopic MOF morphology and thickness.
■ RESULTS AND DISCUSSION
The catalysts we selected in this work are the Al 2 (OH) 2 TCPP-H 2 series [TCPP-H 2 = 4,4′,4″,4‴-(porphyrin-5,10,15,20-tetrayl)tetrabenzoate], which incorporates the porphyrinbased molecular units previously reported as selective and efficient homogeneous CO 2 -reduction electrocatalysts. 39, 57, 58 Specifically, the cobalt-metalated porphyrin units are known to be of particular interest for CO 2 reduction and are explored in detail in this work. 59−61 The advantage over using molecular porphyrins as homogeneous catalysts is that each active site is simultaneously exposed to the electrolyte and electrically connected to the conductive support. We employ our Figure 1 . Our MOF catalyst allows for modulation of metal centers, molecular linkers, and functional groups at the molecular level (A). The organic building units, in the form of cobalt-metalated TCPP, are assembled into a 3D MOF, Al 2 (OH) 2 TCPP-Co with variable inorganic building blocks (B). Co, orange spheres; O, red spheres; C, black spheres; N, blue spheres; Al, light-blue octahedra; and pyrrole ring, blue. In this structure, each carboxylate from A is bound to the aluminum inorganic backbone.The MOF is integrated with a conductive substrate to achieve a functional CO 2 electrochemical reduction system (C). Figure 2 . Voltammogram trace of the MOF catalyst exhibits a current increase in a CO 2 environment relative to an argon-saturated environment (A). As the scan rate is systematically increased in a CO 2 -saturated electrolyte (B), the electrochemical waves increase in magnitude proportional to the square root of the scan rate (C), indicative of a diffusion-limited process. The MOF catalytic performance is maximized at a starting layer thickness of 50 ALD cycles (D), which offers a balance of charge transport, mass transport, and active-site density. The selectivity for each product is tested over a potential range of −0.5 to −0.9 vs RHE (E) and reaches upward of 76% for CO. The steady-state current density for product quantification is illustrated in F. In the low-overpotential region, the Tafel slope of 165 mV/decade is closest to that of a one-electron reduction from CO 2 to the CO 2 · rate-limiting step (G).
previously developed methodology for thin-film MOF synthesis, 62 which involves the ALD deposition of metal oxide thin films as metal precursors onto the electrode and subsequent MOF creation through reacting the coated electrode with the appropriate linker in a DMF solvent in a microwave reactor. 63 Initially, we studied the effect of employing different metal centers in the porphyrin units on the catalytic properties of the MOF ( Figures S2 and S3 ). We began with 50 ALD cycles of alumina thin films (thickness of 5 nm) deposited onto conductive carbon disk electrodes, and converted the alumina film to porphyrin-containing MOF [Al 2 (OH) 2 TCPP-M′] structures with free-base porphyrin as well as porphyrin centers metalated with M′ = Zn, Cu, and Co. Cyclic voltammetry (CV) measurements of the synthesized metalated-porphyrin-containing MOFs under an argon or carbon dioxide environment were used to screen the MOF catalytic performance ( Figure S2 ). The voltammogram traces feature redox waves attributed to the reduction of the metal centers and catalytic peaks stemming from the reduction of either protons or aqueous CO 2 , qualitatively matching the behavior of previously studied analogous porphyrin homogeneous catalysts. 57 Notably, the cobalt-metalated MOF exhibits the highest relative increase in current density after saturating the solution with carbon dioxide (1 atm, 33 mM concentration), increasing from 3.5 to 5.9 mA/ cm 2 . Hence, this particular catalyst is chosen for further indepth examination. Previous works have reported differences in activity and selectivity among porphyrins and porphyrin analogues with different metal centers, and cobalt was consistently among the best. 64, 65 The increase in current density under a CO 2 atmosphere for this catalyst may be due to the preferred binding to CO 2 and increased kinetics of CO 2 reduction relative to hydrogen generation for this active site. To exhibit a further layer of modularity with our MOF-based catalyst design, we modified the inorganic backbone to prepare cobalt-metalated [M 2 (OH) 2 TCPP-Co, M = Al and In] MOFs ( Figures S4 and S5 ). The In-and In−Al-based MOF catalysts also exhibit significant current density increases under a CO 2 -saturated aqueous bicarbonate electrolyte relative to an argonbubbled electrolyte, suggesting that the porphyrin units are the essential catalytic active center and that the inorganic backbone may be tuned for additional purposes.
On the basis of our initial catalyst screening, we focused our subsequent investigation on the [Al 2 (OH) 2 TCPP-Co] MOF. The voltammogram trace of this MOF showed an enhanced current density under a CO 2 -saturated solution relative to that in an argon-saturated solution and displayed a redox couple in addition to an irreversible catalytic peak ( Figure 2A ). Increasing the CV scan rates ( Figure 2B ) illustrated that a cathodic wave centered roughly at −0.4 to −0.5 V versus the reversible hydrogen electrode (RHE), an irreversible catalytic peak immediately following, and an anodic peak at −0.2 V vs RHE increase in magnitude in a manner linearly proportional to the square root of the sweep rate, indicative of a diffusion-limited process ( Figure 2C) . 66, 67 The first cathodic wave and the lone anodic wave are likely limited by counterion diffusion to balance a Co(II/I) redox change, and the irreversible cathodic peak, which is not voltammetric, at the most negative potentials stems from the diffusion and subsequent reduction of carbon dioxide. The anodic−cathodic wave separation increased from ∼100 to ∼250 mV with increasing sweep rate, which provided further evidence that the underlying reaction is not a simple reversible redox process. Previous electrochemical studies of cobalt porphyrins have attributed a cathodic wave at approximately −0.5 V vs RHE to the reduction of the Co(II) center to Co(I), and we see similar behavior for the homogeneous H 4 TCPP-Co ( Figure S6 ). 68 Spectroelectrochemical studies confirmed the chemical nature of this cathodic wave as discussed below.
Balancing reactant diffusion and charge transport is essential for electrochemical catalysis. To this end, the thickness of the MOF catalyst film was tuned to optimize the performance of the MOF catalyst by varying the starting ALD alumina layer Figure 3 . Stability of the MOF catalyst is evaluated through chronoamperometric measurements in combination with faradaic efficiency measurements. The green trace represents geometric current density, and the blue diamonds denote CO Faradaic efficiency (A). XRD analysis indicates that the MOF retains its crystalline structure after chronoamperometric measurement (B). SEM images of the MOF catalyst film before (C) and after electrolysis (D) reveal the retention of the platelike morphology.
thickness from 0.5 to 10 nm ( Figure 2D ). Upon testing a carbon disk electrode with only 5 layers (0.5 nm) of ALD precursor converted to the MOF, resulting in an ∼10 nm thick MOF layer, we observed a twofold increase in the catalytic current density (measured at −0.57 V vs RHE at a sweep rate of 100 mV/s) relative to that of the bare carbon disk substrate. The performance of the MOF catalyst increased with increasing active-site loading until reaching a maximum at 50 ALD cycles (MOF thickness of ∼30−70 nm). Inductively coupled plasma atomic emission absorption (ICP-AES) was utilized to quantify the total cobalt loading on this sample and indicated an upper limit of 6.1 × 10 16 cobalt atoms (1.1 × 10 −7 mol) per square centimeter. The performance decrease observed for higher active-site loading is likely due to charge-transport limitations from the electrode to the MOF periphery or impedance through a thin insulating alumina layer not fully converted to the MOF. This result highlights the strength of our ALD-based MOF conversion technique, which allows nanometer precision of catalyst loading to balance active-site density with mass/ charge transfer.
Comprehensive product analysis using gas chromatography (GC) and nuclear magnetic resonance (NMR) was carried out to reveal the nature of the chemical processes occurring within our MOF catalysts ( Figure S7 ). As illustrated in Figure 2E , the two main products measured were CO and H 2 , with current selectivity for CO reaching up to 76% at −0.7 V vs RHE. The average steady-state current density from these measurements is displayed in Figure 2F . In contrast, the unmetalated MOF produces primarily H 2 ( Figure S8 ). When plotting the partial current density for CO production on a logarithmic scale versus the thermodynamic overpotential ( Figure 2G ), we obtain a Tafel slope of 165 mV/decade in the low-overpotential region, which points to a one-electron reduction of CO 2 to form the CO 2 · radical as a probable rate-limiting step, though the reaction is likely to be at least in part diffusion-limited. 16,69−71 However, the exact nature of the rate-limiting step is difficult to determine from the Tafel slope alone, especially in a more complicated system such as ours. For comparison, studies of porphyrin homogeneous catalysts have measured Tafel slopes ranging from 100 to 300 mV/decade; thus, the rate-limiting step and mechanism may depend on more than just the active site itself. 72−74 We stress that this is the first incarnation of our MOF electrocatalyst, and efforts are being undertaken to further exploit the modular nature of such systems for the next generation of catalyst.
The stability of the MOF catalyst was next tested over an extended period of time. In controlled potential electrolysis at −0.7 V vs RHE in CO 2 -saturated aqueous bicarbonate buffer, the current density reached a stable state after several minutes and subsequently showed no sign of decrease for up to 7 h, generating 16 mL of CO (0.71 mmol, 5.25 cm 2 substrate; Figures 3A, S8, and S9). The lower limit of the TON of the MOF catalyst is quantified through ICP analysis of the electrode after testing and is determined to be 1400 assuming every cobalt atom is an electrochemically active site (turnover frequency (TOF) ≈ 200 h
−1
). The MOF largely retains its crystallinity after electrolysis, and preservation of the framework was evidenced through the retention of the major powder X-ray diffraction (XRD) peaks ( Figure 3B ). Furthermore, scanning electron microscopy (SEM) analysis reveals that the platelike morphology has been retained ( Figure 3C,D) . In situ surfaceenhanced Raman spectroscopy (SERS) was utilized to confirm the integrity of the organic units throughout the catalytic process ( Figure S11) . At each applied potential, the primary SERS peaks attributed to the porphyrin linker remain in the SERS spectrum.
In situ spectroelectrochemical testing was next employed to ascertain the cobalt oxidation state under operating conditions. Such techniques have proven valuable for studying the electronic structure of porphyrins. 68,75−81 We grew the MOF on a transparent conductive fluorine-doped tin oxide (FTO) substrate and measured the film's UV−vis absorbance for a series of applied electrochemical potentials ( Figure 4A) . A typical absorption of the cobalt-metalated [Al 2 (OH) 2 TCPPCo] MOF in open-circuit states featured a Soret band (S 0 → S 2 ) at 422 nm and a Q band (S 0 → S 1 ) at 530 nm. The increase in absorbance at lower wavelengths has also been attributed to the back-donation of Co(I) into the porphyrin system. 60 Upon applying increasingly negative potential (0 to −0.7 V vs RHE) to the FTO/MOF electrode in a CO 2 -saturated electrolyte, the Soret band under steady-state conditions decreases in intensity at 422 nm and increases at 408 nm, with isosbestic points at 413 and 455 nm ( Figure 4A ). Plotting the difference spectra ( Figure 4B ) illustrates the band bleach and increase in the aforementioned spectral regions, which is subsequently quantified to deduce the formal redox potential (E 1/2 ) of the cobalt center in our system. The peak in the first derivative of the difference magnitude in these two wavelengths signified the formal reduction potential of the cobalt porphyrin unit in the MOF at −0.4 V vs RHE ( Figure 4C ), which is consistent with the position of the first cathodic wave in the voltammogram Figure 4 . In situ spectroelectrochemical analysis reveals the oxidation state of the cobalt catalytic unit of the MOF under reaction conditions. Upon varying the voltage from 0.2 to −0.7 V vs RHE, the Co(II) Soret band decreases at 422 nm and is accompanied by a Co(I) Soret band increase at 408 nm (A). This change is quantified and plotted (B) to elucidate a formal redox potential of the Co center, which is deemed to be at the peak of the first derivative (C) of the Co(II) bleach and Co(I) enhancement.
trace. However, even at potentials more positive than −0.4 V vs RHE, a fraction of the cobalt centers are still reduced and are likely to be participating in the catalytic conversion of CO 2 to CO.
The buildup of a Co(I) species under operating conditions and a Tafel slope of 165 mV/decade indicates that the ratelimiting step in our reaction mechanism may be either a CO 2 molecule adsorbing onto a Co(I) porphyrin coupled with a one-electron reduction or a one-electron reduction of a Co(I)− CO 2 adduct. We stress the importance of this spectroelectrochemical data in signifying that the majority of the cobalt centers are electrically connected to the electrode and are reduced to the catalytically active Co(I) state.
■ CONCLUDING REMARKS
We have demonstrated the applicability of MOF-integrated catalytic systems as modular platforms for the electrochemical reduction of aqueous CO 2 . This study represents the development of our first generation of MOF-based CO 2 reduction electrocatalysts in which the active site, inorganic backbone, and thickness/loading were rationally chosen and the resulting MOF integrated onto a conductive support. The modularity of these systems yields many opportunities to further improve performance and open new directions in electrocatalysis.
■ EXPERIMENTAL SECTION Chemicals. N,N-Dimethylformamide (DMF) (99.8%), dimethyl sulfoxide (DMSO) (99.5%), anhydrous acetonitrile, potassium carbonate, and cobalt(II) acetate tetrahydrate were purchased from Sigma-Aldrich. FTO substrates (7 Ω/sq) were purchased from SigmaAldrich and cut on site into desirable dimensions. Aluminum chloride hexahydrate (99.9%) was purchased from Fluka. Ethanol was purchased from KOPTEC. 4,4′,4″,4‴-(Porphyrin-5,10,15,20-tetrayl)-tetrabenzoic acid (H 4 TCPP) was purchased from TCI. 2-Methylimidazole (99%) and biphenyl-4,4-dicarboxylic acid (97%) were purchased from Aldrich. Trimethylaluminum and trimethylindium were purchased from Strem chemicals. Hydrochloric acid and anhydrous DMF were purchased from EMD Millipore. Sodium hydroxide and methanol were purchased from Fischer chemical. Carbon disk substrates were purchased from Ted Pella. All chemicals were used as received without further purification.
Atomic Layer Deposition. Atomic layer deposition (ALD) was carried out with a home-built thermal ALD system. Trimethylaluminum, trimethylindium, and water were used as aluminum, indium, and oxygen sources, respectively. Precursors were held in customized vessels to allow for pulsed delivery. Alumina deposition was carried out at 150°C, and indium oxide deposition was carried out at 200°C. Pulse times for trimethylaluminum, trimethylindium, and water were 1.0, 2.0, and 0.5 s, respectively. Nitrogen functioned as both a purge and carrier gas and was flowed at a rate of 10 cm 3 /min. Following the desired amount of ALD cycles, the chamber was purged with nitrogen, and the samples were taken out and allowed to cool naturally to room temperature in an air environment. The calibration of the amorphous alumina growth rate was previously carried out with TEM measurements on a variety of surfaces and was consistently 0.1 nm/cycle.
Powder X-ray Diffraction. Powder X-ray diffraction (PXRD) patterns were acquired with a Bruker D8 Advance diffractometer (Cu Kα radiation, λ = 1.54056 Å).
UV−Vis Spectroscopy. The optical absorption spectra were recorded using a UV−vis−NIR scanning spectrophotometer equipped with an integration sphere (Shimadzu UV-3101PC). A quartz cuvette functioned as a one-compartment electrochemical cell with a Ag/AgCl reference and Pt-wire counter electrode.
MOF Synthesis. Following the ALD coating on the desired substrate, no further modifications were made, and the substrate asmade was put through the MOF synthesis. MOF synthesis was carried out in pyrex microwave vials using a CEM Discover-SP W/Activent microwave reactor. In a typical synthesis, the desired ALD-coated sample was mixed with 5 mg of H 4 TCPP, 1.5 mL of DMF, and 0.5 mL of water. The vessel was heated to 140°C for 10 min. Following this, the sample was allowed to naturally cool to room temperature and washed with DMF and ethanol. Further purification was carried out by soaking the sample for 4 days in DMF and exchanging the liquid daily. After the DMF soak, the samples were soaked in acetone for 1 day and held under vacuum at room temperature for one more day. The growth of the MOF thin films is believed to occur via a dissolution− recrystallization mechanism. XRD, UV−vis absorption, HRTEM, and grazing incidence wide-angle X-ray scattering (GIWAXS) measurements all confirmed the identity and phase purity of the MOF.
Electrochemistry. For all experiments, 0.5 M potassium carbonate was used as the electrolyte. Prior to electrochemical testing, the electrolyte was purified overnight by applying 2 V potential difference between working and counter Ti foil electrodes to remove trace metal salts and organic species. A standard 3-electrode setup was employed with a titanium counter electrode and Ag/AgCl reference electrode. For product quantification, a home-built two-compartment setup was used that featured a nafion membrane separating the working and counter compartments. All current densities are normalized by projected surface areas.
Gas Chromatography. A home-built electrochemical cell was utilized for quantitative product measurement. The cell had two compartments separated by a nafion membrane to prevent product oxidation at the counter electrode. A flow mode was used to quantify gas products. Liquid products were quantified after the electrochemical measurement. During the chronoamerometric measurement, gas from the cell was directed through the sampling loop of a gas chromatograph (SRI) and was analyzed in 20 min intervals. The gas chromatograph was equipped with a molecular sieve (13X) and hayesep D column with Ar (Praxair, 5.0 ultrahigh purity) flowing as a carrier gas. The separated gas products were analyzed by a thermal conductivity detector (for H 2 ) and a flame ionization detector (for CO and gaseous hydrocarbons). Liquid products were analyzed afterward by quantitative NMR (Bruker AV-500) using dimethyl sulfoxide as an internal standard.
ICP-AES. ICP-AES was carried out on a PerkinElmer optical emission spectrometer Optima 7000DV instrument. A carbon disk (5.25 cm 2 ) coated with the MOF was put in the bottom of a 20 mL glass vial with an acid-resistant cap. A 2 mL aliquot of 99.5% nitric acid was then added to the vial and reacted violently with the carbon disk, where the carbon disk was exfoliated and deformed. A substantial amount of heat was released during the process, and orange smoke, presumably NO 2 , was generated. Two minutes later, 2 mL of deionized water was added to dilute the acid so that the oxidation of the carbon disk was terminated. This solution was kept for 3 days to completely digest the MOF. Next, 4 mL of deionized water was added to the vial to further dilute the nitric acid. The clear solution for ICP measurement was obtained by centrifuging this carbon−nitric acid mixture at 4400 rpm for 1 min and collecting the supernatant. The concentration of cobalt in this solution was determined to be 3.8 ppm with approximately 10% error, giving a total cobalt amount of 30.4 μg, which was calculated to be 5.1 × 10 −7 M. Considering the overall surface area of 5.25 cm 2 on the carbon disk, the cobalt loading on carbon disk was 6.1 × 10 16 cobalt atoms per square centimeter. Spectroelectrochemistry. FTO-coated glass (7 Ω/sq) was utilized as a transparent conducting substrate for in situ spectroelectrochemical measurements. The alumina deposition and conversion to MOF procedure was identical to that used for the carbon disk substrate. A quartz 5 mL cell served as a one-compartment electrochemical cell, with Ag/AgCl and Pt serving as reference and counter electrodes, respectively. The cell was filled with 0.5 M carbonate buffer saturated with carbon dioxide prior to measurements, and a carbon dioxide atmosphere was maintained throughout. The FTO working electrode was held at the desired potential for 3 min to reach steady-state conditions before acquiring a spectrum. A Shimadzu-3101 PC spectrometer fitted with an integrating sphere was used for all measurements.
Raman Spectroscopy. Raman measurements are carried out on a Horiba Labram JY HR 800 with an Olympus SMPLN 100× objective. A 532 nm diode laser was utilized as an excitation source. An open one-compartment cell served as the in situ cell for the measurement with Ag/AgCl and Pt functioning as the reference and counter electrodes, respectively. The electrolyte used was 0.5 M potassium bicarbonate, saturated with carbon dioxide. SERS substrates were fabricated through electrochemically roughening silver films. First, 300 nm of silver was thermally evaporated onto a titanium foil substrate. Next, the silver was electrochemically roughened through oxidation− reduction cycles in 3 M potassium chloride electrolyte. The silvercoated titanium electrode was cycled 10 times between −1.2 and 0.3 V vs RHE at 50 mV/second. All SERS measurements were conducted under steady-state conditions.
Grazing Incidence Wide Angle X-ray Scattering. GIWAXS spectra were acquired with a Pilatus 2 M (Dectris) instrument on beamline 7.3.3 at the Advanced Light Source, Lawrence Berkeley National Laboratory (λ = 1.24 Å). The incidence angle was held at 0.120 to optimize signal collection. Silver behenate was used to calibrate the sample−detector distance and the beam center. The Nika package for IGOR Pro (Wavemetrics) was utilized to reduce the acquired 1D raw data to a 2D format.
Because of the fact that the carbon disks are covered by the salt precipitating from the electrolyte after electrolysis, the GIWAXS measurements on those samples are not successful because of the strong scattering of the residue salts near the surface on high angle saturating the detector. The SEM images are also influenced by the presence of the salt.
■ ASSOCIATED CONTENT * S Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/jacs.5b08212.
Experimental details, additional structural, electrochemical, and spectroscopic characterization. (PDF)
